
AD-A179 823 VALIDATION OF NITRONIC 33 IN REINFORCED AND PRESTRESSED t/i
CONCRETE(IJ) NAVAL CIVIL ENGINEERING LAO PORT H4UENEME CA
J F JENK~INS APR 87 NCEL-TN-1764

UNCLASSIFIED F/G 11/2NUL

'I'll..imolu



1111IA ~U0 12.51
1112 J mW.

IsAA

1. 5 1 1114 .

MICROCOPY RESOLUTION TEST CHART

%ATI INAL BuPR AU -4 A~

7.01.

%r

% %



FJIC LE C__N-16
N -- 76

F E-.April 1987

XIC EL By James F. Jenkins
Sponsored By Naval Facilities

i.rhnical Note Engineering Command

00

Validation of Nitronic 33 in Reinforced
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ABSTRACT itronic 33 stainless steel (TFsdeiHeaI(-of-Arm-o Steel Corporation) has
a unique combination of high strength and nonmagnetic properties which make it an
excellent candidate for use as prestressing strand for concrete waterfront structures
where the magnetic properties of the carbon steel commonly used for prestressing
strand are not acceptable. Before Nitronic 33 stainless steel prettressed concrete
waterfront structures were constructed, it was necessary to establish the corrosion
performance of the Nitronic 33 stainless steel in marine concrete. A test plan was
developed where a series of tests which compared the performance of carbon steel
to the Nitronic 33 stainless steel were to be performed. The time to initiation of r ,
attack was established as the critical parameter for the evaluation of the test results.
In each test, corrosion of the carbon steel initiated prior to the initiation of the ,
corrosion of the Nitronic 33 stainless steel. In addition, previously emplaced full-
scale pier pilings with both carbon steel and Nitronic 33 stainless steel prestressing
were inspected. The corrosion activity of the Nitronic 33 stainless steel prestressed

piling was less than that of the companion carbon steel prestressed pilings.
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concrete. A test plan was developed where a series of tests which compared the performance

of carbon steel to the Nitronic 33 stainless steel were to be performed. The time to initiation -

of attack was established as the critical parameter for the evaluation of the test results. In

each test. corrosion of the carbon steel initiated prior to the initiation of the corrosion of the

Nitronic 33 stainless steel. In addition, previously emplaced full-scale pier pilings with both

carbon steel and Nitronic 33 stainless steel prestressing were inspected. The corrosion activity

of the Nitronic 33 stainless steel prestressed piling was less than that of the companion carbon

steel prestressed pilings.
It was concluded that prestressed concrete waterfront structures using Nitronic 33 as

prestressing strand should perform at least as well as similar structures using carbon steel

prestressing. Recommendations for additional work to evaluate possible differences in -7
inspection, maintenance, and repair techniques required for Nitronic 33 stainless steel
prestressed concrete waterfront structures arc presented.
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1. Corrosion 2. Prestressed concrete I. Y1316-01-006431

Nitronic 33 stainless steel (Trademark of Armco Steel Corporation) has a unique combination'

of high strength and nonmagnetic properties which make it an excellent candidate for use as pre-

stressing strand for concrete waterfront structures where the magnetic properties of the carbon steel
commonly used for prestressing strand are not acceptable. Before Nitronic 33 stainless steel pre-
stressed concrete waterfront structures were constructed, it was necessary to establish the corrosion I S

I performance of the Nitronic 33 stainless steel in marine concrete. A test plan was developed where

a series of tests which compared the performance of carbon steel to the Nitronic 33 stainless steel

were to be performed. The time to initiation of attack was established as the critical parameter for

, the evaluation of the test results. In each test, corrosion of the carbon steel initiated prior to the ,

initiation of the corrosion of the Nitronic 33 stainless steel. In addition, previously emplaced full-

scale pier pilings with both carbon steel and Nitronic 33 stainless steel prestressing were inspected.

The corrosion activity of the Nitronic 33 stainless steel prestressed piling was less than that of the
companion carbon steel prestressed pilings. It was concluded that prestressed concrete waterfront I
structures using Nitronic 33 as prestressing strand( should perform at least as well as similar structures -

Susing arblon steel prestressing.
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INTRODUCTION

The purpose of this validation was to qualify Nitronic 33 stainless
steet for use as prestressing strand and reinforcement in concrete con-
struction where the magnetic properties of carbon steel are not acceptable.

This validation was directed solely to the determination of the
corrosion behavior of Nitronic 33 stainless steel in concrete under
conditions that are likely to be present in a pier fabricated from pre-
stressed and reinforced concrete. Previous evaluations by others have
determined that the mechanical properties, magnetic properties,
fabricability, bonding strength, and other characteristics of Nitroniic
33 stainless steel were suitable for construction of the type required.

While actual long term in situ testing of any material for a new
application is highly desirable, this test program was based upon tests
which could be completed in a relatively short period since it was neces-
sary to determinine if Nitronic 33 prestressed and reinforced concrete
could be used in the construction of urgently required facilities. The
tests were developed to determine the relative susceptability of carbon

' steel and Nitronic 33 stainless steel to loss of passivity under various
" conditions which are likely to occur in an actual marine structure, and -

to separately assess the amounts and types of attack which are likely to
occur on both carbon steel and Nitronic 33 stainless steel when, or if,
active corrosion has been initiated. As both carbon steel and Nitronic 33
stainless steel were expected to behave as passive materials in concrete,
the side-by-side comparison of the two was considered to be valid. By
separating the determination of the initiation and propagation behavior,
and by comparing the behavior of carbon steel and Nitroni( 33 stainless ,
steel in each test, an assessment of the relative corrosion performance
of carbon steel and Nitronic 33 stainless steel could be made within a
relatively short period. By including evaluation of previously cast
sections of actual prestressed pilings (one with carbon steel prestressing
and reinforcement and one with Nitronic 33 stainless teel prestressing
and Nitronic 32 stainless steel reinforcement), and by the inspection of
in-place pil I ings of each type, the test data was further val idated.

It corrosion were to initiate on the Nitronic 33 stainless steel iii -
concrete, the type, dist ri but ion, and extent of attack on the Nitronic 3-
could be di t ferent f rom that which occurs on carbon steel in concrete.
Therefore, an assessment of the effect of possible corrosion of Nitronic H ,
on stru(tor,il integrity of prestressed concrete pilings and slabs was 9 ,
made. Also, the eIfect of magnet i c f i e lIs of t he magn it ude and or i en ta -
t ion wh i ch are I ike I y to be encountered in the vi ci ni ty of the proposed
strii( t ore was assessed in order to determine the possible effects of.
these fI ed s on co r ros i on o t Lhe rein f o rceme nt

The di redt comp,,rison of the behavior of carbon steel ind Nit role ) i

sta inless steel ilr thi s va I id ltion can be used to colpare the inp.it t f
('rr suion of carbon steel and of Nitroniic V stainle'ss steel iin a mitn'

• % -



prest ressed concrete st ruct tire. It has been well estab I i shed that concrete
st ruct ures, prestressed and re ii ftorced us ing carbon stee , can be
success ful lv used in marine env i ronments . This direct compari son of
co r ros ion hehav i or carl be used 'o assess whether a structure fab r i ca ted
uts i rig N it ron i c 313 p) res t res s i rig anrd re iin f orc inrg can he s ucces s fullIy used
ii in i ilar env i ronment s.

Fo IIl ow-on efforts to extend the duration of tire corrosion tests
performed to date and to estab I i sh cri ter ia for const ruct ion, inspection,
mtaiitenance, and repair of structures fabricated using Nitronic 33
stainless steel are also identified and described.

DEVELOPHENT AND APPROVAL OF TEST PLAN AND PRESENTATION OF INTERIM RESULTS

Development of the test plan for this validation was initiated on
14 June 1985. A preliminary test plan was reviewed by the Naval
Facilities Engineering Command (NAVFAC) Code 03, 04, 05, and 07 repre-
seitatives during meetings at NAVFAC on 20 June 1985. A revised test
p lain was reviewed by NAVFAC Code 04 representatives during a meeting at
the Naval Civil Engineering Laboratory (NCEL) on 26 June 1985. The test
plkin was forwarded to NAVFAC by NCEL ltr Ser L52/968 of 3 July 1985 for

-,approval. NAVFAC ltr 3902 Ser 032F/3906 of 20 August 1985 gave final
approv.rl of the test plan and directed NCEI. to proceed with the valida-
tio)n. (tir 17 September 1985 a briefing on preliminary results of the
val i dat ion wis presented to NAVFAC. The results of the tests to that
,lite were encouragi rig and it was determined that the tests should pro-
ce(l as p1 Tnne I. A briefing was p resentetd at NAVFAC on 17 December
1985 to presert final test results and to serve as a basis for the
decision to proceed with construction.

% PRIKPARA\TI ON OF TEST SPEC IMENS

All test specimens were cast from the same batch of concrete to
redu re the effects of va r i at i on of concrete on t he co rros ion behavior of
thre ernlbedded metal specimens. The mix design or the concrete was
levcloped by Ir. Doug Burke of NCEI, with consultation from Mr. Bob LaFraugh
f AI\fA-I Con stIlt i rig Eng i nee rs , Ta coma , WA. The mix design was developed

to represent high quality concrete of the type Lo be specified for con-
st rit i oft the deperiig facilit ies ii San Diego arnd Kirgs Bay. Theri-2, t -- on- td p r i as B
[i nx desigi was as follows:

Cemieit - T'vpe II 8.4 bags/yd

-a t vem 37.9 gal/yd
(W/C ratio = 0.40)

Surrul (Sart Gabriel) I I13.0 I b/yd

Lj(ci rse aggregate
( Sin Gabriel) I
1/8 in nrximum 1526.4 lh/yd

S-
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Admixture
(Sika Mix 126) 200.5 fI oz/yd

*Slump before admixture = 4 in

Slump after admixture = 0 in

The Nitronic 33 material was furnished by ARMCO Steel Corporation.
All specimens were cut from the same coil of material. The wire diameter
was 0.1875 inch. The chemical composition of the material as deter-

* im i ned by ARMCO, was as foIl ows

Composition of Nitronic 3:3 Test Wire

E I emen t %

Chromium 17.69
.. , -. Manganese 12.23

Nickel 3.48
Silicon .50 e

Nitrogen .30

Mo I yhdenum .10

Carbon .039
Phospho rous .028
Sulphur .002

The mechanical properties of the Nitronic 33 stainless steel wire,
as determined by ARMCO, were as follows:

Ultimate tensile strength 136,000 psi
Yield strength 116,000 psi
Elongation 33.3% .
Reduction of area 70.3%4
Hardness 26 R

The stainless steel test material met the composition and strength
requirements of ASTN Specification A580, Grade XN-29. This specification
can be used for procurement of wire for prestressing strand with the
additional requirement that the carbon content of the wire should be
below .048% to insure adequate weldability.

The carbon steel wire specimens were center wires from prestressing
strand meeting ASTM Specification A416. This is the standard specifica-
tion for prestressing strand.

Both the stainless steel and carbon steel wire specimens were cut
to a length of 22 inches and straightened as necessary. The specimens
were degreased using mineral spirits to remove the b,,k of the drawing

compound on the w i re and r i ns ed w i t h a cet one to remove any rema i Ii ig 1 g
surface contamination. Pairs of strands of the same materiails were
joined into dual strand specimens using an epoxy pott ing conto.und to he
cast into 4- by 4- by 24-inch concrete prisms as shown in Figure 1.

%A
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Wires for other size test specimens were cut to the appropriate
length, degreased in mineral spirits, and then in acetone. All of the
molds for the test specimens were prepared in advance of casting. The
dual strand specimens were placed in gang molds for the 4- by 4- by
24-inch prisms as shown in Figure 2.

After casting, all of the specimens were placed in a steam cabinet "N

and steam cured for 16 hours. The 4- by 8-inch test cylinders cast and
cured along with the test prisms were used to determine the strength of
the concrete after steam curing and after 27 additional days of curing
in 72-degree fog. The strength of the test cylinders was as follows:

Strength of 4- by 8-Inch 'rest Cylinders

16-hour steam cure 5914 psi
24-hour steam cure +
27-day fog cure 9380 psi

The 4- by 4- by 24-inch test prisms, which were to be cracked, were
prepared by sawing a 1/2-inch-deep, 3/16-inch-wide "crack starter" notch
in the upper "free" face of the specimen and then loading the specimen
at three points as shown in Figure 3.

. -"Eight test specimens were cut by sawing from two sections of piling
furnished by ABAM Consulting Engineers, Seattle, WA. These sections
were fabricated by Concrete Technology Inc., Tacoma, WA, and were used ."-

to compare the stress relaxation characteristics of the Nitronic 33
stainless steel prestressing strand with those of carbon steel. The
sections are octagonal and are nominally 16 inches wide and 10 feet long.
The section prestressed using Nitronic 33 stainless steel has 12 pre-
stressing strands where the section prestressed using carbon steel has
11 prestressing strands. The section prestressed with Nitronic 33 has
Nitronic 32 stainless steel spiral reinforcement. Each of the specimens
cut from the Nitronic 33 prestressed section has two strands. Two of
the specimens cut from the carbon steel prestressed section have one
strand each and the other two specimens have two strands each. This

% wvariation in number of strands in the specimens was necessary due to the
di fferent spacing andt the different number of wires in the pi 1ling sec-

tions. The test specimens and remaining sections are shown in Figure 4.

* .- PERFORMANCE OF 'TESTS AND 'VEST RESULTS

'est Series No. 1-- Electrochemical Behavior in Mortar Extracts

Purpose of' Test. To determine the chemical conditions, representa- -p .

Live of those in marine concrete structures, which result in passivity
..* of both carbon steel and Nitronic 33 stainless steel and to evaluate the

-. relat Lie sta i lity of the passive films where they are present.

* .

4
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Test Specimens.

" Carbon Steel .
" Carbon Steel w/crevice
" Nitronic 33
" Nitronic 33 w/crevice

Test Setup. Potentiostatic polarization per ASTM G61.

Test Measurements.

" Breakdown potential
" Repassivation potential

Test Condition Matrix.

pH (by dilution)

12.1 11.6 11.2 10.0

h 0

o P 40
r P
i M 400

e 4000

Chloride was from seawater. Duplicate runs were made on each test

specimen type for each condition.

.' Total Specimens.

Carbon steel 32
Carbon steel w/crevice 32
Nitronic 33 32
Nitronic 33 w/crevice 32

Total 128

Test Results. The electrochemical tests showed that the tolerance
of Nitronic 33 stainless steel to both an increase in chloride ion and a
decrease of pH was substantially greater than the tolerance of carbon
steel. The electrochemical behavior for the specimens with crevices and

those without crevices was essentially identical for both the carbon
steel and Nitronic 33 stainless steel. Typical passive behavior for
both the carbon steel and Nitronic 33 stainless steel as exhibited at pl!
12.2 and 0 chloride are shown in Figures 5 and 6.are Figu-es.

...-...- '
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As the pH was lowered and/or the level of chloride increased, a
point was reached where the passivity of each alloy was reduced. In the
case of the carbon steel, the alloy exhibited essentially nonpassive
behavior. As shown in Figures 7 and 8, the passivity of the carbon
steel was reduced considerably at pit 1 1 .6 and 200 ppm chloride and non-
passive behavior was exhibited at p1l 10.0 and 200 ppm chloride. As
shown in Figure 9, the level of passivity of Nitronic 133 stainless steel

retained at a pH of 10.0 and 6000 ppm chloride was substantial.
'Fables I and 2 summarize the results of the electrochemical tests.

l'Fully passive behavior is indi cated in the tables by a P. Marginal
passivity is indicated by a M where passivity breaks down near the
highest potential used in the tests. Lower levels of passivity are
indicated by rupture potentials at increasingly negative potentials.
Nonpassive behavior is indicated by a N.

'f table 1. Elect rochemica I Behavior of Carbon Steel

or"Potent ial (IV) at pH (by 1)i ltion) of--''" t~h I o r i de "''

12.1 11.6 11.2 10.0 V "

0 P P P P

20 P M +100 0

200 P +100 -1 0 -200

2000 0 -100 -400

6000 -200 N N N

Table 2. Electrochemic l Behavior of Nitronic 33

"-"aStainless Steel

[iirPotent ia I (MV) at pH (by Di lit i on) of--
(Ipm ) 1 . 1 .6( 11 .2 l .(O)-

.0.P. P L
[p1) I P P

ZOO p

.00 1) P 1 P 0
S . . .{2 0 0 0 1- ! Pt P. ,

/ ijza)70 17!vxwl§7t' +1 0

------------------------------



1.Test Series No. 2 - Ion Tolerance Tests

Purpose o f Test. To determine the relative tolerance of carbon
steel and Nitronic 33 embedded in concrete to increased ionic content
resulting from forced migration of seawater through the concrete.

Tes t Spec imens.

* Carbon steel L:

* Nitronic 33

Test Setup. The apparatus used to determine the resistance of

.- specimens embedded in concrete to accelerated ion migration is shown in]
Figure 10.

The voltage impressed across the test cell to drive the ions by
-.. electrophoresis was adjusted to give a voltage gradient of 1 V/in across
*. the test specimen. Each test specimen contained one probe of Nitronic 33
-- stainless steel and one probe of carbon steel in order to eliminate any

effects of concrete variability.

*Test Measurements. Relative time (ion increase is proportional to
time when applied voltage is present) for depassivation of the embedded
probes.

Test Conditions.

1. Time to depassivation with diffusion potential on.

2. Run stainless steel specimen for time needed to depassivate
carbon steel, then hold in seawater without diffusion voltage for 30 days
to determine if delayed depassivation occurs. Duplicate runs were made
for each test condition and material.

.r. Total Specimens.

.... Probes Blocks

Carbon steel 4 2
Nitronic 33 w/crevice 8 4

Tota I 12

Test Results. The toleriro(e of Nit ro ci( ii staiinless steel to ion
ii migration was substantial lv greater thii tht 2t ar n str(l Fi gure 11
shows a typical potent ial versus t ime c irve fr an ion nigrat ion test
run. After approximately 200 hu', u i th voltage app I ied ac-ross the
c e I I L the carbon steel be(am ,te i r( t I %.t f i ni .it i by in d creaIse in
potential. The Nitroric i ii sta ilssst,,l rim in d passive for
1000 hours.

After 1600 hours of test ing y th ti tpotentii applied, the tests
were terini ated and the )trobes were reiiovtid i rom t he concre tev blocks by
crushing the blocks. The Nit ronic 11 sper iteriM showed no evidence of

% L Lattack. As shown in Figure 1-, the (,irori steel showed ,onsiderable
attack and the Nitronic H1 stainless steel showel i1o attack.

-p".7
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Test Series No. 3-- Propagation Rates

Purpose of Test. To determine the relative rates of propagation of
corrosion of carbon steel and Nitronic 33 embedded in concrete under
conditions which will cause corrosion to initiate.

Test Specimens.

* Carbon steel
* Nitronic 33

Test Setup. The test setup for the determination of corrosion
propagation rates is shown in Figure 13. The concrete cylinders were
cut with a 1/16-inch-wide saw to a depth which exposed one of the two
test probes.

Test Measurements. Corrosion current versus time measured with a
zero resistance ammeter. Corrosion potential versus time.

Test Conditions. Seawater immersion. Duplicate specimens for each

material.

Total Specimens.

Probes Blocks

Carbon Steel 4 2
Nitronic 33 4 2

Total8 4

Test Results. The corrosion current for the carbon steel increased.
rapidly at the start of the test but fell to approximately 40 microamps
after 50 hours. The Nitronic 33 stainless steel remained fully passive

V after 1000 hours with no measureable current flow. Figures 14 and 15
A- show the potential and current versus time for the carbon steel and

Nitronic 33 stainless steel specimens.
The test probes were removed from the test blocks after 1600 hours

of test exposure. The Nitronic 33 stainless steel test probes were not
attacked. The carbon steel test probes showed considerable surface
attack. Figure 16 shows the condition of the carbon steel and Nitronic 33
stainless steel probes after 1600 hours of exposure in the propagation
rate tests.

Test Series No. 4 - Depass ivat ion at Closed Cracks

Purpose of Test. To determine the relative snsceptihility of carbon
steel and Nitronic 33 embedded in concrete to depassivation in the A.-

presence of a crack in the concrete which has opened and reclosed. .

Test Specimens.

* Carbon steel w/crevice
* Nitronic 3H w/crevice

A-.-.



Test Setup. The test setup for evaluation of depassivation at

closed cracks is shown in Figure 17.

Test Measurements. Corrosion potential versus time.

Test Conditions. Seawater exposure. Duplicate specimens for each
material.

Total Specimens.

Probes Blocks

Carbon steel w/crevice 4 2
Nitronic 33 w/crevice 4 2

Total 8 4

r..Test Results. Neither the carbon steel nor the Nitroni( 33 s ta in- ''

less steel depassivated at closed cracks during the duration of this
test. The corrosion potential versus time for the carbon steel is shown
in Figure 18 and the corrosion potential for the Nitronic 33 stainless
steel versus time is shown in Figure 19.

The test bars in these specimens were removed from the test blocks
.after 1200 hours of exposure in the depassivation at closed crack tests.

Neither the carbon steel nor the Nitronic 33 stainless steel specimens
showed any attack.

Test Series No. 5 - Ion Diffusion Tolerance at Closed Cracks
V

Purpose of Test. To determine the relative tolerance of carbon
steel and Nitronic 33 embedded in concrete to increased ionic content
resulting from forced diffusion of seawater into the concrete in the
presence of a closed crack.

Test Specimens .4

* Carbon steel w/crevice
* Nitronic 33 w/crevice

Test Setup. The test setup for the determination of ion diffusion
tolerance at closed cracks was similar to the test setup for the deter-
mination of depassivation at closed cracks ecxept that the inner bars
were used as a counter electrode to produce a potential gradient within
the specimen.

Test Measurements. Corrosion potential versus time.

Test Conditions. Seawater immersion.

I . Time to depass i vat ion with d it lus ion potent i a I on.

2. Run sta in less steel spe imen Ior t ime needed to depass ivatt,'
carbon steel, then boll i n seawater Without dI ftusIon vI tage i {() la.'
to determli ne i t de layed defpass ivat ,on o(curs. Dup I i ate ruIns were iba"
on each mater ia I

...-.'-.-'-"



lot a1 Spec imiens.

P robes Blocks
,-u*

Ca rhon steel w/crevice 4 2 r
Nitronic 33 w/crevice 4 2

To t a l 8 4 N

l'eSt Results. The carbon steel specimens depassivated after an
average of 132 hours of applied current. The Nitronic 33 stainless steel
remained passive after 1600 hours of applied current.

The test bars in these specimens were removed from the test blocks
to determine their surface condition. The Nitronic 33 stainless steel
specimens showed no attack. The carbon steel test specimens showed

* coisifh'rahle surface attack in the area of the crack.

S. , lest Series No. 6 - Repassivation at Closed Cracks

Purpose of Test. To determine the relative ability of carbon steel
I.I(I Nit ron i c .33 embedded in concrete to repassivate in the presence of a
closed crack if corrosion initiates when the crack is open.

lest Spec iliens .

* Carbon steel w/crevice
* Nitronic 33 w/crevice

lest Setup. The test setup for this series is identical to that
.bolosin for depassivation at open cracks (Figure 17).

Test easire ments. Corrosion potential versus time.

Test Conditions. Open crack until corrosion initiates. Measure
t iIt(, to 'Ichieve repassivation. Duplicate runs were made for test condi-

ion afd ma ter i a t .I

Total Spec imens.

Probes Blocks

rtCarbon steel w/crevice 4 2
Nitronic 33 w/crevice 8 4

otl, a 1 12 6

I'est Results. Ao the Nitrunic 33 stainless steel did not depassi-
v . i t it open cracks wover the duration of the test in Series No. 7, it
--,s nrot possible to make ,t comlparison beLween the carbon steel and
Nit roric No. 3 .;t,inless steel for the ability to repassivate. The
i irho.- steel reppass i vated wi tlh i n 35 hours of closing the crack as shown
in fi g, re 23).

101
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Test Series No. 7 - ssivatjon at Olen Cracks

Purpose of Te s L . To determine the relative susceptibility of
carbon steel and Nitronic 33 embedded in concrete to ,lepassivation in
the presence of cracks in the concrete cover of various widths.

NTest Specimens.

* Carbon steel w/crevice

e Nitronic 33 w/crevice

Test Setup. The test setup for determination of depassivation atI
open cracks is shown in Figure 21.

Crack Widths.

* 1/64 inch
0 1/32 inch
0 1/16 inch
* 1/8 inch

Test Measurements. Corrosion potential versus time.

Test Conditions. Seawater immersion. Duplicate specimens for each
material and crack width.

Total Specimens.

Probes Blocks

Carbon steel w/crevice 16 8
Nitronic 33 w/crevice 16 8

Total 32 16

Test Results. None of the Nitronic stainless steel specimens showed
depassivation during the duration of these tests. The carbon steel bars
with -inch cover showed depassivation upon immersion for the 1/8-inch-
wide crack, 50 hours for the 1/16-inch crack, 150 hours for the 1/32-inch
crack, and 180 hours for the 1/64-inch crack. The carbon steel bars 'F
with 2-1/4-inch cover show depassivation immediately upon immersion for
the I /8-inch-wide crack but continued passive behavior for the 1/lI,-inch
and tighter cracks. Figures 22 and 23 show the potential of the inner
(2-1/4-inch cover) and outer (1-inch cover) bars versus time.

The test bars in these specimens were removed trom test bocks to S
determine their surface condition. As shown in Figures 24 and 25, the
Ni tronic 33 stainless steel specimens were not attacked, but the a-lo moni
steel specimens showed cons iderable attack.

'lest Series No. 8 - Corrosion Product Volume -r

Purpose of Test . 'o uhetermi ne the relat ive Vol 11meot of ,rros", ,'
Iprolu( ts produced in the corrosion of .irhon steel rl Nit ron i ,hii
embedded in (olncre t.



Test Specimens.

* Carbon steel
" Nitronic 33

Test Setup. The test setup for the determination of corrosion. ~ ~prodhuct-vol-ume is shown irn Figure 26. ;"

Te s _tHe-as-iireme nt ts .

* Change in cylinder diameter
* Visual inspection of metal-concrete interface at end of test
"* Weight loss of probes

Test Conditions.

0 Seawater immersion
* Anodic current from propogation rate test
* Triplicate specimens for each material

Total Spec imens

Carbon steel 3
Nitronic 33 3

Total 6

Test Results. As corrosion of the Nitronic 33 stainless steel did
not initiate in the propagation rate tests it was not possible to perform
the tests for the Nitronic 33 stainless steel in this series ds appro-
priate corrosion currents could not be established.

There were no instances in the tests performed for this validation
that resulted in the generation of sufficient volumes of corrosion
products to establish any conclusions regarding the effects of corrosion
product volume on corrosion.

rest Series No. 9 - Evaluation of Prestressed Pile Specimens

Purpose of rest. To dletermine the susceptibi lity of Nitronic 33
and carbon steel strand embedded in concrete to depassivation usirg
specimens cuLt from a prestressed test piling section with cracks in the
concrete cover. (riginal pl ans to test the specimens from the piling
without cracks were not performed as the resistance to corrosion iitia-
tion of hoth the carbon steel and Nitronic 33 stainless steel in speci -
ens without cracks was likely to be longer than the time available for

these tests. (Iriginr lplanns to test each strand in the sections cut
46. from the pilings were ch.inged since it was determined that the stran ds

v rev lv ctr*(aIlIy (-,r iv(tel thro t h e spira I wrap. It was also deter-
mined after the original plans for this test that the spiral reinforce-
aerits in the Nitroni( 31 stainless steel prestressed piling were
Ni t ron i i 2 st~iinl(ess steel

V -.
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Test Specimens. Cut from test piling prestressed with Nitronic 33
strand and carbon steel strand.

Test Setup. The test setup for the determination of the suscep-
tibility of carbon steel and Nitronic 33 stainless steel strand in
specimens cut from test pilings is shown in Figure 27. The faces and
ends of the test sections were sealed with paraffin prior to filling the
reservoir with seawater.

Test Measurements. Corrosion potential versus time.

Test Conditions.

* Seawater immersion
* Crack widths - 1/8 and 1/16 inch

Total Specimens.

Strands Blocks

Carbon steel 2 2

Nitronic 33 2 2

Total 4 4

Test Results. The corrosion potentials versus time for the carbon
steel and Nitronic 33 stainless steel piling sections showed erratic
behavior. This was attributed to the more complex geometry of the
specimens, the presence of the spiral reinforcement which was exposed
(but coated with paraffin), and the variation of cover over the strands.
The potentials indicated that there may be limited corrosion activity in
both the carbon steel and Nitronic 33 stainless steel prestressed speci-
mens.

Upon completion of the potential measurements, the strand and spiral
reinforcement was removed from the test specimens. As shown in Figure 28,
the carbon steel strand and spiral showed considerable surface attack in
the vicinity of the cracks.

The Nitronic 32 stainless steel spiral reinforcement in the piling
specimens showed several areas of incipient attack. The strand in the
specimens was not attacked. The condition of the strand and spiral

reinforcement is shown in Figure 29. . ,

Test Series No. 10 - Evaluation of In-Place Pilings, 6.".

Purpose of Test. To determine the short term (17-month) performance
of prestressed pilings fabricated using both carbon steel and Nitronic 133

stainless steel exposed in a marine structure.

Test _Secimens. Pilings in the SEA-LAND pier Port of Tacoma.

Test Setup. The test pilings were evaluated using a developmental
(liver-held, surface-supported probe which measured the flow of current
into or from the surface of the test pilings. The technique is described

in NCEL TM 52-85-01. ..
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-Test Peasrire -inents .Corros ion cur'renits resul t inrg f rom corros i on

ce [ Is onl the p rest ress i rig st rand or s p i ratI re i ni I rcement . Vsual1 obser-
vaitions of surface defects onl pilIirigs .

z T~~est Conditions. Seatwater immers i on of dIr iven p iIi ng iii an
inl-service structure.

Test Results. No s ign i ti cant co rros ion act i v ity was detected i n
the r the itronic 3*3 stainless steel or the carbon steel prestressed

p)ilIi ngs . The readinrgs obtainedl onl both types of pilings were stat is-
tial dnia.Smal l Ioca t ions onl thte N it roniic 33 stainless steel%

p re st re ssed p)ilIi ng whe re l imi ted c or ros 10o11 actL i vi ty was located were
correlated with ca rbon steel I pre- i es'' used in thre malnufacture of lihe
test piling.

Duie to instrument limitations, tire read ings tajken dur-inig the fi rs t
* inspect io oil0f t he tes t p) i Ii rgs onl 1I Septembe r andi 13 Sept embe r 1985

showed no co rros ion act iv it y onl e i threr p)iIi ng . The performance of ther
probe was srrbstant i ai I y improved by mod i fyi r ig the e I ect rollri cs iii t he
topiside inst rumeritat ion package and the test probe . Ase( onti inspect i onl
of t he p) i I i ngs onl 31 October 1985 ind I November 1985 restted iili tihe
generat ion of relIi able arid mean i ngfui I test resri I t s. The corrosionl
actL i vi tyv in Ltire t e st P) 1 i n gs wa s e xtLremelIy snia I I . ''lire max i murm read inrgs
obtained were less than one-tenth of tire read inrgs typically obtai ineil oil
laboratory spec imenis wirere corrosiron act ivirty was known to, be o ur in rr.

Fi gores 30) anrd 31 show t hat the read inrgs obt a ined for both Ltre ca rionl
steelI arrd sta i rn less steel were s irni lar i n the f requency of read i rigs
ye rsurs the ir polarity arid inrteris i t. As sihowrn in F igure 32 , Wiich is A
current prof ilIe miap of the NiL ron ic 33 pr'est ressedl piin rg, t ire were,
se'verals I si s ites on one srrface of the 1:1 i I i rig where the maj or i L v o f
tire o rros iorii actL i v itL o n t he p)ile t wa s (o ncerriit ra ted(I. 'Ilre level of
current was smal 1 , ihowever the read inrgs were reprodrrc ihb arid were

iriteritretedi s orat iorrs of corrosion a tivity. No suirface indicti orrn
0 fj ti ity w a~s iie vLedvr tteeS tso tal te oaof~~~~~~~~ ~ ~~~~~~~~~ acJvtdb h ie' ttee ie ra iyohr o~-.

t ioun onl tire t est p i I inrgs.
Siibseiiet jet a i l ed exaimi1nat ions of tht p ilIinrg sect ioiis obita ietd by

N CEI1. f or s-c t i oni i g r e vea led tha~t there wer'e c arbon steel t re wi res tiisei
it Somre Imoat i ris for secrinrg the spiral wratp to the lprest ress inrg sL rand
i n t he N it rollnr(i 1) pi I i rig. Fi gin re s hows .r mnagnet adhiei r i g t o stiiih a

it' l i ire . Tire t ie i, it'C -I Ir fout on tire Same t I(e ofI tire tefst setc t i II R

lir'the irrosioii act i vi t v wajs I o -it el l)v t lit' tevs t 1)ritle . lii iibifii joI t v

(it tht' titS itt's ii Lii lt 11 11itrii wire , Iroitever , H iiirinigrit't I ( a iitr elI t It

s t. i Itss strel.
I) S( WS- ssrIn : i Li 1 )hB i k j lid o i Ii AI4AM ii rsu I t i rig I-ug i rote i-s,

it' g. rd irig t h f'1 tuir1irti t tiri I Lii Li-st ii 1 1r ig St-i t Iro SIs it'el Ietl tha~lt tinl'3
innl stt-i Li' ii r-t' I i tt- I t lit, ListA 1i1 I ig sen , t Ii ml ridl tliet' )r

sI q i.ctI vi I~ t lnI t l h% tin L is f ,t 11ri Iuuit -ti i t I ot itL il on, ,litr, t in'

I IIII Idit i ijiu;( Iiiitt r . 0 it'~ 1. n I i ii Iii rtitt1 - I ncitr I ii Ii I t i t L

ln t Ir itit r s i I [I- tn'- I i 4.11'd iliii I s 11 n u t' i l )A ti liti I Ih lj-i

. %
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was cons idered possible, part icul arly as thei r presence was cont i rmed in.
Figure 33 which shows a small bar magnet being sIIspended from the tie
w i re.

The presence of the I imi ted number of sma I I car rhon steel ties in
the exposed p il ings is not cons idered to he signif Icant from the stand- '

point uf the lifetime of the pi rings , however, the use of such tie wires
should be avoided in future conist ruct ion so that inspect ion us i rig current%
probes can be more rea d i I y i riterpreted I n fact , con f i rma t ion of the
ability of the test probe to detect such small sites of limited activity
w'as cols idered to be a pos it i ve aspect of the presence of the ca rbon
Steel tiFes ti the Nit rontic 33 test pi I inigs.

'VJ.
IF' PACTI () CORROSIOUN ON STRUCTIJRAL INTEGRITY

-t Purp se of Eftort 
Fly

% The purpose ot this effort is to assess the impact of the type and -

extent of corrosion which is likely to occur on Nitronic 33 stainless
steel i ni (oncrete on the structural integrity of prestressed and rein- 
forced concrete structures. As the distribution, type, and extent of
corrosion of Nitronic 33 is likely to be substantially different from
that of the carbon steel commonly used, the structural impact of the
corrosion which is likely to occur on the Nitronic 33 may also be sub-
st antially different.

Results of Assessment

The results of this assessment are included in this report as
Appendix A. This assessment was performed by Dr. George Warren of NCEL.

. 'liThe assessment showed that the structural impact of distributed localized
P attack of the type inticipated for the Nitronic 33 prestressed piling,

should it occur, would be less serious than the more general attack .-
which would be likely to occur on carbon steel prestressed structures of
similar design.

ASSESSMENT OF INDUCED ELECTRICAL CURRENTS

Purpose of Effort

The purpose of this effort is to determine the magnitude and likely

paths of electrical currents which may be induced in prestressed concrete
structures by pulsating magnetic fields. It is possible that electrical
(urrents which are induced can flow from the reinforcement into ti ,
elect rolyte ,n( induce corrosion.

* "'- Results of Assessment

['his assessment was performed by Mr. Jim Brooks of NC:EI. The
resiIts of this assessment are given in Appendix B. [he assessment
sho-,l thit the worst (;se currents are less than I ampere. T is level

.115
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is substantially below that required to cause significant corrosiop
activity, and can be reduced substantially by increasing the resistance
of the current path by not allowing the prestressing strand to protrude
from the bottom of the pilings. As this will be required to prevent
direct contact between the strands and seawater or bottom sediments, the
currents in an actual structure will be insignificant from the standpoint - -

of corrosion.

REVIEW OF TEST RESULTS

This review of test results is based upon the electrochemical tests
and the actual condition of the test bars removed from the test specimens
except for the evaluation of the in-place pilings.

Test Series Results

#1 Nitronic 33 more resistant to lower pH and

increased chloride.

#2 Nitronic 33 more resistant to ion
migration.

#3 Carbon steel became active; Nitronic 33
remained passive.

#4 Neither alloy became active.

#5 Nitronic 33 more resistant.

#6 Carbon steel repassivated; Nitronic 33

did not depassivate.

#7 Carbon steel depassivated; Nitronic 33
did not depassivate.

Carbon steel depassivated; Nitronic 33
did not depassivate. Corrosion product
volume insufficient to cause measurable

changes,

#*9 Carbon steel corroded; Nitronic 33 did not
corrode. Nitronic 32 showed incipient
corrosion.

i
1(1O No significant difference between pilings.

Carbon steel in Nitronic 33 piling had
become active, otherwise, no significant

activity in either piling.

16



Test Series Results

Structural Integrity The type of attack expected on the Nitronic 33,

should it occur, would have less impact than

that of the typical corrosion of carbon steel.

Induced Currents The effect of induced electrical currents will
be insignificant and may be easily reduced
further.

CONCLUS IONS"'

Based upon the results of all of the tests performed in this vali- _-]

dation, it is concluded that the resistance of Nitronic 33 stainless F
steel to corrosion in environents representative of those found in a .
prestressed or reinforced structure is superior to the corrosion resis-

tance of carbon steeln n r e t o s d
The type of local attack which may occur if corrosion of the

Nitronic 33 stainless steel is initiated will have less effect than the
distributed corrosion which occurs on carbon steel prestressing.

Electrical currents induced by the operational magnetic fields
associated with degaussing facilities will not result in accelerarted
attack of the Nitronic 33 stainless steel.

NEED FOR ADDITIONAL EFFORTS

Construction Criteria

As the properties and performance of Nitronic 33 stainless steel
have been found to be substantially different from the commonly used
carbon steel, it is necessary to develop different criteria for the
construction and construction inspection of structures using Nitronic 33
stainless steel. This has already been accomplished for the design of

Nitronic 33 prestressed and reinforced structures where such differences
in strength, elasticity, stress relaxation, bond strength, and weldability..
were assessed and changes to the design and fabrication of the structural

elements were modified as necessary. This must also he done for the
differences in corrosion behavior. The most critical factors related to
corrosion performance are likely to be the tolerable limits for cracking
in the cover over prestressing strand and reinforcing bars, and the
method for repairing such cracks and encapsulating the exposed ends of """"
the prestressing strands.

Mairtenance, Repair Methods, and Crite-ria

As for construction criteria, it will be necessary to develop (lit-
ferent methods arid criteria for the in-service inspection of structires ... :
ising Nitronic 33. The most criLical factors related to corrosion per- .r

form.ince are likely to he the detection of corrosion activity and the
location of the position of the prestressing strands. The test probe

17
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Figure 5. Polarization behavior of Nitronic 33 stainless steel -

pH = 12.1, Cl 0.
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Figure 7. Carbon steel -pH 11.6, Cl = 200 ppm.
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ASSESSMENT OF IMPACT OF CORROSION ON
STRUCTURAL INTEGRITY
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L72/JLB/at

5095201
26 Nov 85

MEMORANDUM

From: L72/Brooks
To: L51/Jenkins
Via: L72'"

Subj: CORROSION CURRENTS ASSOCIATED WITH NAVY DEPERMING PIERS

Ref: (a) L51 memo of 7 Oct 85 requesting assistance ii
I. As requested by reference (a), the 35% design reports of the Deperming

Pier for San Diego have been reviewed. Preliminary analysis shows that the

X-loops of the structure can induce currents of up to one ampere in the pier

structure when the separation between loops is 10 ft. All other
configurations are not expected to present a problem including the Z-loop. If ,
currents of up to one ampere present a corrosion problem, then the following
steps are recommended:

(a) Choose a configuration where the pier structure is outside the
X-loops.

(b) Coat the rebar steel with a non-conducting epoxy prior to imbedding in

the concrete.

(c) Do not allow the rebar steel to protrude out the bottom of the

concrete piling.

(d) Do not connect the rebar steel of the piling with the rebar of the

pier top structure. .

JAMES L. BROOKS

Copy to:
L72/Miller

9. .:

.1- -',
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